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A plaque-cloned mouse hepatitis virus mutant, MHV-S No. 8, was isolated from Ki-BALB cells persistently infected 
with MHV-S. The mRNAs 1 to 6 were larger in the mutant, whereas there was no difference between the two viruses in 
the size of the smallest mRNA, mRNA 7. Sequence analyses of the genomic RNA, mRNA 6, and mRNA 7 of the two 
viruses revealed that an additional 111 nt were inserted just upstream of the intergenic consensus sequence preceding 
the N gene in MHV-S No. 8. The inserted region consisted of two different parts; the 3'-most 30 nt corresponded to 
nucleotides 28 to 57 of the leader sequence and the 5'-most 81 nt corresponded to nucleotides 58 to 138 of mRNA 7. 
This structure of No. 8 was most likely generated by RNA-RNA recombination between genomic RNA and subgenomic 
RNA species. The nucleotide insertion in the intergenic sequence between genes M and N resulted in two consensus 
sequences separated by 111 nt. Primer extension analysis revealed that the amount of a slightly larger, subgenomic 
mRNA resulting from initiation of synthesis at the upstream consensus sequence was only 5% of the usual sized mRNA 
7 initiated from the downstream consensus sequence. © 1994 Academic Press, inc. 


Mouse hepatitis virus (MHV) is a coronavirus which 
contains a single-stranded, nonsegmented, positive 
sense RNA of about 31 kb (/, 2). The MHV genome has 
a 70- to 80-nt-long leader sequence at the 5' end ( 1, 3, 
4). The 3' end region of the leader sequence contains 
one to four repeats of the pentanucleotide, UCUAA ( 1, 
3). Downstream of the leader are the MHV-speciftc 
genes encoding the viral structural and nonstructural 
proteins in the order of the genes P (polymerase), 2, HE 
(hemagglutinin esterase), S (spike), 4, 5, M (mem¬ 
brane), and N (nucleocapsid) (3, 5). These genes are 
separated by a short stretch of sequence called the 
intergenic region. All intergenic regions, which pre¬ 
cede genes required for MHV replication, contain the 
consensus sequence, UCUAAC, or a very similar se¬ 
quence (6). 

In MHV-infected cells, seven to eight different spe¬ 
cies of mRNAs which form a 3' coterminal nested set 
are detected (4, 7). Though genomic MHV RNA con¬ 
tains only a single copy of the leader sequence, the 5' 
end of each subgenomic mRNA has a leader sequence 
which is identical to that of the genome (/, 5, 8). The 
negative-stranded RNAs complementary to each 
mRNA exist in coronavirus-infected cells ( 9, 10) and 
these negative-stranded RNAs have been shown to 
have antileader sequence (/ 1) and a short poly(U) tail 
{12). It was found that subgenomic-size replicative-in¬ 
termediate RNA is present in MHV-infected cells {10) 
and it has been proposed that subgenomic mRNA spe¬ 
cies may accumulate by the replication of each sub¬ 
genomic mRNA species {9, 10). Although several mod- 
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els explaining how subgenomic-size RNA is initially 
synthesized have been proposed (/), this unique mech¬ 
anism remains to be described. 

Only one protein, encoded by the 5'-most coding re¬ 
gion of each mRNA, is usually translated. The major 
structural proteins are the N protein of about 60 kDa, 
the 23- to 25-kDa M protein, and the S protein of about 
150 to 200 kDa. They are translated from mRNAs 7, 6, 
and 3, respectively. Another major protein of some co- 
ronaviruses is the HE glycoprotein with an approximate 
molecular weight of 65 kDa {13, 14). 

A mutant virus isolated from cells persistently in¬ 
fected with MHV-S showed cold sensitivity for the for¬ 
mation of polykaryocytes and lacked the HE protein 
{15). In the present paper, the genomic structure of 
that mutant virus, MHV-S No. 8, was compared with 
the parental (wt) virus, MHV-S. The data suggested 
that MHV-S No. 8 underwent nonhomologous RNA- 
RNA recombination, which probably occurred be¬ 
tween genomic and subgenomic RNA species. 

To compare the size of subgenomic mRNAs of wt 
MHV-S and those of the mutant No. 8, total RNA was 
isolated from DBT cells infected with wt or No. 8 as 
previously described {16). The virus-specific RNAs 
were detected by hybridization with 32 P-labeled cDNA 
as previously reported {16, 17). It was reported that 
mRNA 4 of MHV-S was not synthesized while the 
smaller mRNA 5, which encoded the small membrane 
protein, was synthesized {18) (Fig. 1A). The compari¬ 
son of the mRNA pattern of MHV-S and that of No. 8 
revealed that there were differences in the sizes of 
mRNAs between wt and No. 8. The mRNAs 6 and 5 of 
No. 8 were about 100 nt longer than those of wt. This 
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Fig. 1 . (A) Northern blot analysis of MHV-S and No. 8 mRNAs. 
RNAs extracted from DBT cells infected with MHV-S (1), No. 8 (2), 
and from mock-infected cells (3) were electrophoresed in agarose 
gel in MOPS buffer and transferred onto nitrocellulose paper, and 
virus-specific mRNAs were detected by hybridization with 3Z P-la- 
beled cDNA to iHM N gene. (B) SDS-polyacrylamide gel electropho¬ 
resis analysis of virion proteins of MHV-S (1) and No. 8 (2). Virions 
labeled with [ 3 H]leucine were purified from culture fluids of infected 
DBT cells and analyzed by electrophoresis on a 10% polyacrylamide 
gel. 

difference in size was also observed in mRNAs larger 
than mRNA 3, although the difference was not as pro¬ 
nounced as mRNAs 6 and 5. In contrast, mRNA 7 size 
was the same for both viruses. The data suggested 
that a sequence has been inserted between an area 
upstream of the intergenic region preceding gene 7 (N 
gene) and an area downstream of the intergenic region 
preceding gene 6 (M gene). The comparison of the 
mRNA also showed that the amounts of mRNA 6 of No. 
8 was extremely low as compared with that of wt. 

To test whether or not an insertion existed within the 
open reading frame (ORF) of the M gene, the size of the 


No. 8 M protein was compared with that of wt by so¬ 
dium dodecyl sulfate (SDS)-polyacrylamide gel electro¬ 
phoresis using radiolabeled purified virions ( 19 , 20 ). As 
shown in Fig. 1B, there was no detectable difference in 
the size of M protein or the other structural proteins. It 
was also found that No. 8 lacked the 65-kDa protein, 
as reported previously ( 15 ). These data suggested that 
the larger mRNA 6 of the mutant contained no addi¬ 
tional sequence within the M gene ORF. 

The location of the inserted sequence in No. 8 was 
investigated by comparing the structures of the M 
gene and the 5'-region of gene N with those of MHV-S. 
The mRNA 6 sequences of both viruses were deter¬ 
mined from cDNA clones. The clones were con¬ 
structed using a synthetic oligonucleotide primer, Viro 
ll{5'GGCAl l l ICTTGCCCAG 3'), which is complemen¬ 
tary to the sequence 97 to 113 nt from the 5'-end of 
MHV-JHM mRNA 7 ( 21 , 17 ). To examine the sequence 
at the intergenic region between genes M and N of 
both viruses, direct sequencing of the reverse tran¬ 
scriptase-polymerase chain reaction (RT-PGR) prod¬ 
ucts from genomic RNA was performed ( 23 ). The RT- 
PCR product was obtained using primers N280(5'AAT- 
GCCCGAAAACCAAGAGT 3'), which corresponds to 
the complementary sequence of mRNA 7 (nt 280 to 
299) of MHV-JHM ( 17 ), and MR6-P1 (5' AAGGTAGAC- 
GGTGTTAGCGG 3'), corresponding to nt 644 to 663 
from the 5'-end of MHV-JHM M gene ( 22 ). The mRNA 7 
5'-region was examined by direct sequencing of RT- 
PCR product which was made using primers N280 and 
Lea-1 (5' TATAAGAGTGATTGGCG 3'), which corre¬ 
sponds to the 5'-end of the leader sequence of mRNA7 
of MHV-JHM (nt 1 to 17) ( 17 ). 

Sequence analysis of cDNA clones and RT-PCR 
products revealed that there were no nucleotides in¬ 
serted within the ORF of the No. 8 M gene. Also, no 
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Fig. 2A. Nucleotide sequences of genomic RNA and mRNA 7, 5'-ends of MHV-S and No. 8. Nucleotide numbering is the same as the JHM N 
gene { 16 ). Identical sequences downstream of the initiation codon of the N gene are shown by dots. The leader sequence is italicized and the 
111 additional nucleotides found in No. 8 genome are underlined. The upstream consensus sequence is shown by overhead dots and the 
downstream by a box. Homologous sequences in the leader and N gene are shown by the italicized and nonitalicized bold letters, respectively. 
The initiation codon of the N gene and termination codon of the M gene are underlined with wavy lines. Nucleotides number 27 and 138, shown 
by arrows, mark the sites where nearly identical sequences start. The three triangles in these similar sequences mark three mismatches. 
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Fig. 2B. Comparison of No. 8 genome structure with the wt genome and mRNA 7. The structure of No. 8, in the intergenic region between 
genes M and N, indicates that the genome was constructed from the MHV-S genome lacking most of the coding region of the N gene (upstream 
shown by arrow) fused with mRNA 7 minus the leader sequence 5' end (downstream shown by arrow). Arrows show the site of fusion. ■ and □ 
indicate the homologous sequences. IR, intergenic region; LD, leader sequence. Arrowheads indicate the position of the primers described in 
the text. 


sequence difference was found in the 5'-most 280 nt of 
mRNA 7. However, No. 8 contained an additional 111 
nt just upstream of the N gene intergenic consensus 
sequence (Fig. 2A). The inserted region had two differ¬ 
ent parts; the 3'-most 30 nt corresponded to leader 
sequence nt 28 to 57 and the 5'-most 81 nt corre¬ 
sponded to mRNA 7 nt 58 to 138. Therefore, the ge¬ 
nome of mutant No. 8 consisted of a partial N gene, 
deleted from nt 139 to the 3'-end, fused to a partial 
mRNA 7 lacking the first 27 nt from the 5'-end (Fig. 2B). 
This inserted 111 nt contained three substitutions at nt 
positions 10, 20, and 25 as compared to the corre¬ 
sponding regions of the wt sequence (Fig. 2A). The 
insertion resulted in two intergenic regions between M 
and N genes separated by 111 nt. 

Northern blot analysis of MHV-S and No. 8 revealed 
that the mRNA 7 sizes of both viruses were the same 
(Fig. 1), suggesting that the intergenic region which is 
present at the 5'-end of the inserted 111 nt in No. 8 was 
transcriptionally inactive. It was possible that small 
quantities of a ‘large mRNA 7” were not detectable at 
the level of sensitivity of Northern blotting, therefore 
primer extension analysis was used to look for this pu¬ 
tative RNA. The primer extension procedure was de¬ 
scribed previously ( 24 , 25 ). A 32 P-end-labeled oligonu¬ 
cleotide, MR7-N1 (5' GAGGATTCCAGGACCAGCGC 
3'), which binds to mRNA 7 at 139 to 158 nt from the 
5'-end, was used as a primer and the total intracellular 
RNA species from wt- and No. 8-infected cells were 
used as templates. The primer extension products 
were analyzed by 6% denaturing polyacrylamide gel 
electrophoresis. There was one 165-nt-long primer ex¬ 
tension product in wt-infected cells and two products 


in the No. 8-infected cells (Fig. 3A). The products in the 
No. 8-infected cells were 165-nt long and 276-nt long; 
the latter was expected from the mRNA with 111 extra 
nucleotides. The amount of RNA in the 276-nt-long 
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Fig. 3A. Primer extension analysis of RNA extracted from MHV-S 
(1) or No. 8 (2) infected cells. RNAs extracted from D8T cells infected 
with MHV-S or No. 8 were reversed transcribed with 32 P-end-labeled 
oligonucleotide, MR7-N1, as a primer. The products were analyzed 
by the electrophoresis on a 6% denaturing polyacrylamide gel. To 
see the precise length of the products, sequencing reactions with 
Ml 3 DNA were also eleetrophoresed. 
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Fig. 3B. Nucleotide sequences of the 5' end of mRNA 7 and the “larger mRNA 7." The 165-nt bands from MHV-S and No. 8 as well as the 
276-nt band of No. 8 were cut out from gels and amplified by PCR. The PCR products were directly sequenced. The additional 111 nt found in 
the larger mRNA 7 are underlined. The leader sequence is shown in italics and the termination codon of the M gene and the initiation codon of 
the N gene are underlined with wavy lines. 


band was only about 5% of that in the 165-nt-long 
band. The structure of the primer extension products 
were examined; the three different DNA bands were 
cut out from gels and amplified by PCR with primers, 
MR7-N1 and Lea-1. Direct sequencing of the PCR 
products showed that the 165-nt fragment corre¬ 
sponded to the 5'-end sequence of mRNA 7 and that 
the 276-nt fragment contained an additional 111 nt 
identical to those found in genomic RNA as shown in 
Fig. 3B. These data clearly showed that the two differ¬ 
ent consensus sequences found in the intergenic re¬ 
gion between the M and N genes of No. 8 were used 
for mRNA synthesis, whereas the upstream intergenic 
consensus sequence demonstrated significantly re¬ 
duced transcriptional activity. 

The structure of No. 8 strongly suggested that non- 
homologous RNA recombination occurred between 
different-sized RNA species. It is possible that during 
the elongation of negative-stranded RNA on the mRNA 
7 template, nascent negative-stranded RNA switched 
its template from mRNA 7 to mRNA 1. It should be 
noted that there is some nucleotide homology be¬ 
tween the leader sequence, at nt 35 to 44, and mRNA 
7, at nt 147 to 158 (Figs. 2A and 2B). It is likely that the 
template RNA switching was facilitated by this se¬ 
quence complementarity. Alternatively, No. 8 genomic 
structure might be the result of nonhomologous RNA 
recombination where an elongating mRNA 1 switched 
from mRNA 1 minus-stranded template to mRNA 7 
minus-stranded template. It is reported that the ge¬ 
nome of human coronavirus OC43 contains 47 nt from 
the 3'-end of the leader sequence between the S and M 
genes { 26 ). Probably, a similar mechanism is involved 
in the generation of MHV-S No. 8 and OC43 geno¬ 
mic RNA. 

It is interesting that the amount of the "larger mRNA 
7," which contained an extra 111 nt, was extremely 
low as compared with the normal-sized mRNA 7 in No. 
8-infected cells. Analysis of cloned MHV Dl RNAs dem¬ 
onstrated that the downstream and upstream flanking 
sequences of the intergenic region preceding N gene 
do not play an important role in Dl subgenomic RNA 


synthesis { 27 ). It is possible that the presence of the 
3'-half of the leader sequence downstream of the inter¬ 
genic region may suppress subgenomic RNA synthe¬ 
sis at the upstream intergenic region. This possibility is 
currently under investigation. 
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